We demonstrate that textured closed surfaces, i.e., particles made of perfect electric conductors (PECs), are able to support localized electromagnetic resonances with properties resembling those of localized surface plasmons (LSPs) in the optical regime. Because of their similar behavior, we name these types of resonances as spoof LSPs. As a way of example, we show the existence of spoof LSPs in periodically textured PEC cylinders and the almost perfect analogy to optical plasmonics. We also present a metamaterial approach that captures the basic ingredients of their electromagnetic response. DOI: 10.1103/PhysRevLett.108.223905 PACS numbers: 42.25.Àp, 73.20.Mf, 78.20.Bh, 81.05.Xj In recent years, plasmonics has attracted a great deal of attention due to the possibility of subwavelength confinement and concomitant enhancement of the electromagnetic (EM) field at metal-dielectric interfaces [1] [2] [3] . Surface plasmons exist either as propagating surface plasmon polaritons (SPPs) for extended interfaces and waveguide configurations or as localized surface plasmons (LSPs) in structures with closed surfaces, i.e., particles [4] . Common to these surface modes is a list of promising applications taking advantage of their subwavelength nature. For example, SPPs are excellent candidates for miniaturization of photonic circuits [5] , whereas LSPs have been used in near-field optics [6], surface-enhanced spectroscopy [7] [8] [9] , plasmonic antennas [10, 11] , and photovoltaics [12, 13] due to the field enhancement (FE) occurring at the LSP resonance. On a more fundamental level, it has been shown that both LSPs and SPPs are able to enhance light-matter interaction at the subwavelength scale [14, 15] . As subwavelength confinement of surface plasmons relies on the penetration of the EM field into the metal, its usage is inevitably limited to visible or near-infrared frequencies. At lower frequencies, metals sustain EM modes that are weakly bound and thus behave akin to perfect electric conductors (PECs), which do not support surface plasmons.
In recent years, plasmonics has attracted a great deal of attention due to the possibility of subwavelength confinement and concomitant enhancement of the electromagnetic (EM) field at metal-dielectric interfaces [1] [2] [3] . Surface plasmons exist either as propagating surface plasmon polaritons (SPPs) for extended interfaces and waveguide configurations or as localized surface plasmons (LSPs) in structures with closed surfaces, i.e., particles [4] . Common to these surface modes is a list of promising applications taking advantage of their subwavelength nature. For example, SPPs are excellent candidates for miniaturization of photonic circuits [5] , whereas LSPs have been used in near-field optics [6] , surface-enhanced spectroscopy [7] [8] [9] , plasmonic antennas [10, 11] , and photovoltaics [12, 13] due to the field enhancement (FE) occurring at the LSP resonance. On a more fundamental level, it has been shown that both LSPs and SPPs are able to enhance light-matter interaction at the subwavelength scale [14, 15] . As subwavelength confinement of surface plasmons relies on the penetration of the EM field into the metal, its usage is inevitably limited to visible or near-infrared frequencies. At lower frequencies, metals sustain EM modes that are weakly bound and thus behave akin to perfect electric conductors (PECs), which do not support surface plasmons.
To export the exciting properties of surface plasmons to low frequencies (far infrared, terahertz or microwave), the concept of spoof surface plasmons was developed [16, 17] . In contrast to conventional SPPs, spoof surface plasmons also exist in the PEC limit since they are geometry-induced bound EM modes that arise when a metal surface is periodically textured on a subwavelength scale. Spoof SPPs with subwavelength transverse confinement have been found both in periodic perforated plane surfaces [16] [17] [18] [19] [20] and in a variety of structured waveguide configurations [21] [22] [23] [24] . In this Letter, we extend the concept of designer plasmons by demonstrating the existence of spoof localized surface plasmons (spoof-LSPs) in periodically textured PEC particles both in two and three dimensions. To illustrate our finding, we show that an almost perfect analogy exists between the EM response of a structured two-dimensional (2D) PEC cylinder and that of a regular metallic cylinder with a Drude dielectric permittivity. In this way, it is expected that all the capabilities found for LSP resonances in the optical regime can be directly transferred to lower frequencies thanks to the existence of spoof LSP modes.
As a way of example, we first consider a textured 2D PEC cylinder [ Fig. 1(a) ]. The structure consists of an inner cylinder of radius r overlaid with radial grooves of height h ¼ R À r, width a, and periodicity d ¼ 2R=N, where N is the total number of grooves. The number of grooves and the radius of the cylinder are chosen to satisfy d ( 0 ( 0 is the wavelength of the incident wave). The grooves are filled with a dielectric of refractive index n g , and the
FIG. 1 (color online). (a)
A two-dimensional corrugated PEC cylinder (invariant along the z direction) with the inner and outer radii r and R, periodicity d, and groove width a. The refractive index in the grooves is denoted n g . (b) In the effective medium approximation the geometry displayed in (a) behaves as an inhomogeneous and anisotropic layer of thickness ðR À rÞ wrapped around a PEC cylinder of radius r.
surrounding medium is assumed to be air. Because the resonance frequencies scale with the reciprocal size of the structure within the PEC approximation, the outer radius R is used as the unit length. In order to probe the plasmonic resonances, we consider in the following a TM-polarized incident plane wave (H pointing along the z direction) propagating along the Ày axis. One should note in passing that related structures have been studied in the past in connection with antenna design [25, 26] , but the analogy to optical plasmonics has been never realized.
The EM response of particles without Ohmic losses is conveniently described by the scattering cross section (SCS). In Fig. 2(b) (solid line), we present the normalized SCS as a function of the normalized frequency for a representative textured PEC cylinder (r ¼ 0:33R, N ¼ 60, a ¼ 0:4d, n g ¼ 1, and ! a R ¼ 0:89c, where c is the velocity of light in vacuum) calculated using the commercial software COMSOL MULTIPHYSICS. The SCS is normalized to the diameter 2R, whereas the frequency is normalized to the asymptotic frequency ! a of the corresponding spoof SPP that would propagate on a periodically textured flat surface with similar grooves. The inset of Fig. 2(b) shows the dispersion relation of these spoof SPPs (solid line), which has been obtained with the multiple multipole method [27] , and the free-space light dispersion (triangular dotted line) in normalized units (k a ¼ ! a =c). The asymptote frequency is mainly controlled by the groove height h and refractive index n g as ! a % c=ð2hn g Þ [17] .
The SCS spectrum shown in Fig. 2 (b) consists of multiple peaks that must be related to a resonant EM behavior of the corrugated PEC cylinder. The physics behind this spectrum is uncovered by a direct comparison with the optical response of a simple metallic cylinder having the Drude permittivity
where ! p is the plasma frequency of the metal. Note that we have neglected absorption in the Drude permittivity to be in accordance with the PEC approximation. In Fig. 2 (c) we present the SCS of a metal cylinder with the same In order to gain a deeper insight into the origin of spoof LSPs, we present an analytical equation for the resonance condition of spoof LSPs in textured cylinders following the steps of the modal expansion technique. First, we write the magnetic H z component (TM wave) outside the textured cylinder as [harmonic time: expðÀi!tÞ]
where A n are constants, H
n is the Hankel function of first kind and order n, k 0 is the wave number in air, and (, ') are the polar coordinates [ Fig. 1(a) ]. Note that diffraction has been neglected when writing Eq. (1), which is a good approximation for d ( 0 . Second, since the grooves are subwavelength, only the fundamental radial waveguide mode is considered in the expansion of the EM fields within the grooves: PRL
0 being the radially outward and inward propagating modes, respectively. The resonance condition for the individual modes is obtained by applying matching boundary conditions on H z and E ' for a given n in Eqs. (1) and (2) . By doing so, we derive the following transcendental equation:
. Figure 2 (a) shows the complex resonance frequencies calculated using Eq. (3) for the same structure as in Fig. 2(b) . The predictions of the analytical model are in very good agreement with the numerical simulations: resonances that are too far away from the real frequency axis are only barely apparent in the SCS, whereas complex resonance frequencies with a small imaginary part show up in the SCS as extremely narrow peaks. This model and the corresponding resonance condition [Eq. (3)] are consistent with a picture in which an EM mode is running around the cylinder surface with resonances emerging when an integer number of modal wavelengths fit into the perimeter.
The analogy between the EM response of a corrugated PEC cylinder and that of a metallic cylinder at optical frequencies is very insightful, but it is not able to describe accurately the behavior of the EM fields inside the grooves. The reason is that in a real metal the EM fields decay exponentially inside the metal, whereas in a corrugated PEC cylinder the existence of a propagating mode inside the grooves leads to EM fields that are not evanescent. In order to complete the picture, here we develop a complementary way to look into the physics of the spoof LSPs by applying the concept of an EM metamaterial. As we are texturing the PEC cylinder on a subwavelength scale (d ( 0 ), the incident field does not feel the details of the structure. Consequently, it is expected that the region with grooves can be interpreted as an effective medium of thickness h as illustrated in Fig. 1(b) . The effective parameters can be deduced from the following line of thought: first, as the PEC boundary condition in the subwavelength radial grooves forces E ¼ E z ¼ 0 and H ' ¼ 0, ¼ z ¼ À1 and ' ¼ 1. By averaging 1= in the ' direction, we obtain ' ¼ n 2 g d=a. As light propagates in the grooves in the or z directions with the velocity c=n g , the effective material must satisfy the equa-
Note that in Cartesian coordinates these effective parameters transform to permittivity and permeability tensors with off-diagonal elements and elements that depend on the (x, y) coordinates. Put differently, in the metamaterial approximation the subwavelength grooves behave as an anisotropic and inhomogeneous layer with both electric and magnetic properties. It is important to note that this metamaterial, which combines positive and negative values for the permittivity and permeability tensors, supports the propagation of spoof SPPs that present a plasmonlike dispersion relation as those shown in Figs. 2(b) and 2(c) .
The metamaterial approximation also has the advantage of an analytical treatment due to the simpler geometry [ Fig. 1(b) ]. In fact, it is possible by straightforward algebra to derive the following analytic expression for the SCS, sc :
where 
It is evident from Eq. (5) that the resonance condition (zero in the denominator) is identical to Eq. (3), just with S n ¼ ffiffiffiffiffiffiffiffi ffi a=d p . Hence, the metamaterial approximation is virtually exact for the case of very narrow grooves (a ( R). The validity of the metamaterial approximation has been verified by calculating the SCS of the structure in Fig. 1(b) using Eq. (4). The result is shown in Fig. 2(b) (dashed line) and it is clear that the metamaterial approximation captures all the resonant features of the spectrum. An important asset of the metamaterial approach is that it simplifies the calculation of the EM fields of corrugated PEC particles in complex arrangements.
The probably best known case in particle plasmonics is the excitation of LSPs in subwavelength particles at which only the dipole mode is excited (i.e., the quasistatic limit). A similar situation can be found in textured PEC particles, but, in contrast to optical plasmonics, the subwavelength regime cannot be reached by just scaling down the structure since resonance frequencies scale accordingly within the PEC approximation. Therefore, the subwavelength regime can only be achieved by lowering ! a (while keeping R constant) which corresponds to increasing h and/or n g , as discussed previously. For simplicity, in this proof-ofprinciple study, we increase the refractive index within the grooves, although structures with elongated (i.e., curved) grooves are also feasible alternatives. Figure 3 shows the SCS of a subwavelength textured PEC cylinder (r ¼ 0:4R, N ¼ 30, a ¼ 0:8d) for which n g ¼ 8 and ! a R ¼ 0:12c. By looking at the resonant H field (insets of Fig. 3 ) it is evident that the dominant peak corresponds to the dipole PRL 108, 223905 (2012) P
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week ending 1 JUNE 2012 mode while the sharp peak is identified as the quadrupole mode. One should note that the quadrupole mode will, as opposed to the dipole mode, disappear if Ohmic losses are introduced into the metal due to its extremely narrow linewidth. The spoof SPP dispersion relation for the considered structure (upper left inset Fig. 3 ) shows a more abrupt behavior compared to the SPP dispersion in Drude metals [inset of Fig. 2(c) ], thus explaining why in the subwavelength case the resonant peaks are very narrow. It is also apparent from Fig. 3 that the metamaterial approximation (dashed line) works better for this very deep subwavelength structure than for the case of a large cylinder displayed in Fig. 2 .
Up to now, we have analyzed the EM response of corrugated particles within the PEC approximation. As discussed in the Supplemental Material [28] , when metal losses are introduced into the picture, the main spoof LSP resonances appearing in the scattering spectra are broadened, whereas the very sharp high-order resonances tend to be suppressed. This is exactly the behavior observed for conventional LSPs in the optical regime when Ohmic losses are incorporated into the metal permittivity.
Finally, we address the issue whether spoof LSPs also arise in three-dimensional structures. Here we demonstrate how the spoof dipole resonance of two interacting threedimensional textured cylinders can be used to enhance the electric field in the center of the gap. A sketch of the system is shown in Fig. 4(a) , where the cylinders are now also characterized by the height L and the mutual separation s. The incident wave is assumed to be x polarized and propagates along the z direction. Compared to the 2D structure, the excitation configuration is different, but this does not prevent us from exciting the electric dipole mode. Although not shown, the metamaterial approach described before is able to reproduce accurately the evolution of the FE with both s=R and a=d. FE is evaluated at the dipole resonance of the combined system. Importantly, we see a significant increase in FE for decreasing separation (insets of Fig. 4) . The most important property of the system is the plasmonic effect (spoof LSP), which largely increases the FE compared to the FE of a system of two noncorrugated PEC cylinders (line with circular dots). Notice that the interaction between two textured cylinders is presented here as a proof of concept, and therefore it is very likely that other textured geometries would produce larger FEs. We have also analyzed the effect of Ohmic losses on the FE associated with spoof LSPs (details can be found in the Supplemental Material [28] ). As expected, these absorption losses reduce the level of FE at the dipole resonance observed in Fig. 4(b) . However, the corrugated cylinder always displays higher FE than that of noncorrugated metal cylinders, hereby proving a potential use of spoof LSPs for low frequencies. Moreover, our investigation also shows that the system under study can be advantageously exploited up to the infrared regime ($ 100 THz), where the increased FE is related to the hybridization between spoof LSPs and conventional LSPs.
In conclusion, we have shown that although metallic particles do not display surface plasmon resonances at low frequencies, they may be forced to do so by incorporating a periodic corrugation to their surfaces. An effective medium analytical approach can be used to completely understand the behavior of the textured particle. The spoof localized surface plasmon modes created by the periodic modulation mimic all aspects of conventional localized plasmon resonances. Thanks to this new concept, a whole bunch of phenomena already known to work for visible and near-infrared frequencies can be safely transferred to lower frequencies. This finding may have a very significant impact on both fundamental and applied research. *pors@mci.sdu.dk
